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bstract
The FOB-3, a new type fiber optic biosensor, is designed to rapidly detect a variety of biological agents or analytes with better stability, sensitivity
nd specificity. In order to detect Y. pestis, a sandwich immunoassay was developed by using the purified antibody against antigen FI immobilized
n polystyrene probes as the capture antibody and the monoclonal antibody-Cy5 conjugate as the detector. After a series of optimization for the
tability, sensitivity and specificity of the FOB-3, 50–1000 ng/ml of antigen FI and 6 × 101–6 × 107 CFU/ml Y. pestis could be detected constantly
n about 20 min, and Y. pestis could be detected specifically from Y. pseudotuberculosis, Y. enterocolitica, B. anthracis and E. coli. Then, 39 blind
amples, including 27 tissues of mice infected with Y. pestis and 12 tissues of healthy mice as negative control, were detected with the FOB-3.
2.6% infected tissues were identified from the tissues of healthy mice and the tissues containing more than 100 CFU/ml bacteria could be detected
y the biosensor. The results demonstrated the feasibility of the FOB-3 as an effective method to detect Y. pestis rapidly and directly from the
nfected animal specimens with the advantage of portability, simple-operation as well as high sensitivity and specificity.
2006 Elsevier B.V. All rights reserved.
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. Introduction
Yersinia pestis is the etiological agent of plague, which was
edefined in 1980s by the World Health Organization (WHO)
s a reemerging infectious disease [15]. Moreover, concerns
bout using Y. pestis as bioterrorism agent are increased after
he anthrax spore attack in U.S. in 2001 [10]. Therefore, it is
ecessary to develop a rapid, precise and convenient method
or detecting this condemned bacterium in the field. Comparing
ith traditional methods to detect Y. pestis such as ELISA [9,18]nd passive haemagglutination assay (PHA) [19], a fiber optic
iosensor has the advantage of simple-operation, portability and
apid detection on site [2,4,11]
∗ Corresponding author. Tel.: +86 10 66948595; fax: +86 10 83820748.
E-mail address: yangrf@nic.bmi.ac.cn (R. Yang).
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oi:10.1016/j.snb.2006.08.010Biosensors are defined as optic/electronic detection devices
hat use biological molecules for the detection and quantification
f the interested targets [16]. A fiber optic biosensor as one type
f biosensors plays an important role in optical elements because
f its advantages, which range from anti-electromagnetic radi-
tion and electronic frequency to anti-erosion. Miniaturization
f devices [22], which is important for the field detection, can
e realized in a fiber optic biosensor. In addition, a fiber optic
iosensor has the advantage of long-distance transmission of sig-
als (10–1000 m), which is necessary for the remote-controlled
etection in dangerous areas. There are several immunoassay
ormats used in a fiber optic biosensor: direct, displacement,
ompetitive and sandwich assay, among which sandwich assay
s commonly used due to its higher sensitivity and convenience
or operation on site [2–4,11].
Fiber optic biosensors have been described for its utilization
n detection of pathogenic bacteria. Rowe-Taitt et al. detected
. anthracis, F. tularensis, B. abortus with NRL array biosensor
ctuators B 123 (2007) 204–210 205
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n 2000 [17]. Anderson et al. investigated B. globigii with Ana-
yte 2000 biosensor in 1999 [6], and then continued to detect B.
nthracis, S. typhimurium, Giardia, F. tularensis with biosen-
or RAPTOR in recent years [1,5,7,8]. Cao et al. detected Y.
estis antigen FI and analyzed it in serum, whole blood and
lasma and obtained accuracy for determining antigen concen-
rations from 50 to 400 ng/ml with a fiber optic biosensor in
995 [11]. Anderson investigated the detection of antigen FI
ith RAPTOR in 2002 [1]. But there is still a lack of data to
how the direct detection of Y. pestis from the infected animal
pecimens.
Considering advantages of fiber optic biosensors in the detec-
ion of pathogenic bacteria and stability of optical technology,
e developed the FOB-3, a new fiber optic biosensor based on
he principle of evanescent wave. Its major system is meliorated
rom the FOB-1 [13] and the FOB-2 [14], which are jointly
eveloped by Shanghai Institute of Optics and Fine Mechanics,
hinese Academy of Sciences and our institute.
In this paper, a sandwich immunoassay was employed to
etect Y. pestis directly from the experimentally infected mice
ith the FOB-3. The result indicated that Y. pestis could be
etected from the infected animal specimens with high sensitiv-
ty and specificity by this biosensor.
. Materials and methods
.1. Buffers, reagents and bacteria
Coating buffer, 0.02 M NaCO3 and 0.04 M NaHCO3 (pH
.6), was used to immobilize the antibody on the surface of
olystyrene probes. Washing buffer consisted of phosphate
uffer, 0.05% Triton X-100, 0.01% NaN3 (pH 7.2). Dilu-
ion buffer for diluting antigens or bacteria was 0.01 M phos-
hate buffer saline + 0.5% casein (pH 7.2). The antigen FI and
nti-FI antibody were kindly provided by Qinghai Institute
f Endemic Prevention and Control, China. The monoclonal
ntibody against antigen FI was prepared by our laboratory.
he Y. pestis (strain EV76 and 201), Y. enterocolitica (strain
TCC9610), B. anthraticis (strain Sterne), Y. pseudotuberculo-
is (strain ATCC29833) and E. coli (strain BL21) were collected
y our laboratory.
.2. Instruments and probes
The FOB-3 (Fig. 1) was co-developed by Shanghai Institute
f Optics and Fine Mechanics (SIOFM), Chinese Academy of
ciences and our institute. Polystyrene probes were provided
y SIOFM. The FOB-3 can also be powered by supplemented
aptop battery for operation on site.
The system of FOB-3, which is devised on the principle of
vanescent wave in the process of total reflection, consists of
ptics, optic/electronic transfer, signal processing, flow cell and
omputer processor (Fig. 2). The laser source come from 7 mW
36.85 nm laser diode, which is reflected by a 45◦ mirror and a
ichroic mirror and launches into a fiber optic probe after being
oupled by a focusing-collimating lens. The fluorescent signal
f biomolecules on the probe is excited by the laser. Then, it
t
8
F
bFig. 1. Photograph of the FOB-3.
s converged by a focusing lens and hetero-light is filtrated by
pinhole, and reaches a photoelectric multiplier tube (PMT)
hrough the dichroic mirror and a filter. The voltaic signal treated
y PMT is transformed into voltage one by a pre-amplifier. A
ulti-function DSA card receives the signal and save it in the
omputer processor to analyze. A photo diode is employed to
onitor the laser power, which is collected simultaneously as
nterfering signal. The computer processor automatically out-
uts PMT value (the value of electromotive force), Flou value
the value of fluorescent signal) and laser value (the value of
aser power).
.3. Data processing
Considering fluctuation of laser power, the value of fluo-
escent signal is the ratio of Flou value to laser value to keep
uorescent value independent of laser value.
In order to decrease the interference of the noise in fibers, the
esults are presented in the form of (Ssignal–Nnoise). There are
hree steps to obtain this result. First, the blank optic probes used
or detecting the analyte were measured by biosensor FOB-3
o obtain the data of Nnoise. Then, the same probes are mea-
ured again after the detection of Y. pestis or antigen FI to obtain
he data of Ssignal. Finally, the value of (Ssignal-Nnoise) can be
btained.
In addition, cutoff value is determined by calculating the
eans of negative values (27 probes) of fluorescent sig-
als + three standard deviations. Values of fluorescent signals
ver cutoff value are judged as positive ones, while those under
utoff value are negative.
.4. Antibody coating
The polystyrene probes were inserted into 100l capillary
ubes, which were filled with different concentrations (1000,
00, 500, 200, and 100g/ml) of the rabbit IgG against antigen
I of Y. pestis diluted with coating buffer. The probes were incu-
ated at 4 ◦C for 12–16 h and then were used to interact with
206 H. Wei et al. / Sensors and Actuators B 123 (2007) 204–210
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ntigen FI or live Y. pestis without rinsing. The probes coated
ith antibody were usually stored at 4 ◦C.
.5. Preparation of ﬂuorescently labeled antibody
The detector antibody is the monoclonal antibody against FI
ntigen, and it was labeled by Cy5 according to the instruction
anual of Amersham Biosciences Crop. For the optimized label-
ng, different concentrations (10, 20, 50, and 100g/ml) of the
ntibodies were labeled by Cy5. The antibody-Cy5 conjugates
ere stored at 4 ◦C.
.6. Detection of antigen FI or Y. pestis by sandwich
mmunoassay
The coated polystyrene probes were incubated in the solu-
ion containing different numbers of Y. pestis (6 × 107, 6 × 106,
× 105, 6 × 104, 6 × 103, 6 × 102, 6 × 101and 6 CFU/ml) or
oncentrations of antigen FI (1000, 500, 200, 100, 50, 20,
nd 5 ng/ml) in dilution buffer for 10 min at 37 ◦C, and the
egative control was set simultaneously. After rinsed in wash-
ng buffer, the probes were incubated with the solution of
ntibody-Cy5 conjugate in dilution buffer for 10 min at 37 ◦C
nd then they were measured by the FOB-3 for qualitative
nd quantitative results after washing. To investigate speci-
city in detection of Y. pestis (strain EV76), different num-
ers of E. coli (strain BL21), B. anthracis (strain Sterne), Y.
nterocolitica (strain ATCC9610), Y. pseudotuberculosis (strain
TCC29833) were used as negative control. The coated anti-
ody and the detector antibody reacted, respectively, with the
acteria above simultaneously. The results were measured by the
OB-3.
i
s
e
oFOB-3 system.
.7. Detection of Y. pestis from the experimentally infected
nimals
Mice infected with Y. pestis were autopsied after 4, 24, 36,
8, and 72 h of inhalation of strain 201, a microtus strain isolated
rom Microtus brandti [23]. Their organs including livers, lungs
s well as spleens (27 samples) were homogenized and diluted
ith dilution buffer. Organs of healthy mice (12 samples) were
reated in the same way as the control. The number of Y. pestis in
he infected tissues was counted using traditional plate method.
he coated probes were incubated in the solution of the infected
issue suspensions, and then reacted with antibodies labeled with
y-5 after being rinsed. Totally 39 blind samples (27 infected
issues and 12 tissues of healthy mice) were detected with the
OB-3.
. Results and discussion
.1. Evaluation of stability of the FOB-3 and analysis of
ariability in ﬁber optic probes
The following methods were employed in order to improve
he accuracy of the FOB-3 in measurement and validate the FOB-
assay. We use a photoelectric diode (PD) as a monitor to collect
he value of the laser power and gather the value of fluorescent
ignal by a photoelectric multiplier tube (PMT) simultaneously
n order to eliminate the interference of the laser power fluc-
uation from final fluorescent value [13]. Secondly, the result
s provided in the form of (Ssignal–Nnoise) to counteract noise
ignals, and cutoff value is defined in 99% confidence. Consid-
ring the variability of different angles in polystyrene probes,
ne certain angle in a probe is marked and measured in the
ctuators B 123 (2007) 204–210 207
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Fig. 3. Values of fluorescent signals at different reaction time of capture anti-
bodies with antigens and signal values at different time of detector antibody-
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ssays. Moreover, multiple measurements are established in the
ssays and the data are presented in the form of a mean + standard
eviation to receive a scientific observation.
The repeatability of measurements by biosensor FOB-3 is
valuated by two methods, i.e. ‘one insertion-repeated measure-
ents’ and ‘the repeated insertions-repeated measurements’. In
he former one, the FOB-3 measures 10 times after the probe
as inserted, and for the latter one, the probe was repeatedly
nserted 10 times for measurements by the biosensor (Table 1).
he four probes named Nos. 1–4 were used in these assays. The
os. 1 and 3 are positive probes, while the Nos. 2 and 4 are
lank ones. The reproducibility of measurements by the FOB-3
howed that the system was highly stable considering the CV
alue in Table 1.
In order to analyze the variability among different probes,
hree randomly selected probes were coated with anti-FI anti-
odies, and then reacted with FI antigens in sandwich way.
he values of fluorescent signals were measured by the FOB-3.
Ssignal –Nnoise) of three probes were 0.37, 0.35 and 0.30. The
alue of SD and CV were 0.036 and 10.6%.
The results of the repeated measurements indicated that there
lso existed variability among polystyrene probes (CV = 10.6%)
lthough the variability was confined in the range that valid data
n qualitative and quantitative measurement could be obtained.
ccording to the data, the systematic error might result mainly
rom the quality of fibers, thus the improvement of fiber qual-
ties might be the key feature to decrease the variability in the
uture. Moreover, the random error, which results from oper-
tion process such as rinse of probes or preparation of buffer
nd so on, is also necessary to consider in order to lower the
ariability.
We initially used fiber optic probes made from silicon, and
oated antibody by covalent reaction, but the repeatability was
ot so satisfied as showed by polystyrene probes, onto which the
hysical absorption was employed to immobilize biomolecules.
he reason may be that modification for covalent reaction on
urfaces of silicon probes increases the variability among differ-
nt probes, while the disadvantage is overcome to some extent
y using polystyrene probes without the process of modifica-
ion on surfaces. Moreover, the polystyrene probes are easier to
roduce with lower cost than the silicon ones.
.2. Optimization of the experimental parameters
For better evaluation of this biosensor in detection of Y. pestis
nd its antigen FI, we establish optimal conditions of experiment
y the following assays.
c
l
b
t
able 1
he repeatability of the measurements by the biosensor FOB-3
robes 1 2 3 4 5
o. 1 1.04872 1.05539 1.05575 1.05466 1.05521
o. 2 0.694194 0.690712 0.690964 0.69401 0.691062
o. 3 1.358131 1.365910 1.362430 1.366430 1.36550
o. 4 0.692262 0.690007 0.691578 0.692764 0.689445
robes Nos. 1 and 3 are the positive detection and Nos. 2 and 4 are the negative c
easurements’ and Nos. 3 and 4 by the way of ‘repeated insertions-repeated measureonjugate reacting with the captured antigen. Each point represents the average
alue of the data from three repeated experiments. The results showed that obvi-
us signal could be obtained at 5 min, and optimal signal appeared at 10 min.
The probes coated with capture antibodies at 200g/ml were
ut into the solution of antigen FI (500 ng/ml) for 5, 10, 20, 40
nd 60 min, respectively, and then reacted with fluorescently
abeled antibodies at 20g/ml for 40 min. The result indicated
hat the optimal reaction time for the coated antibody and antigen
as 10 min (Fig. 3).
To obtain the optimal reaction time for the detector antibody-
onjugate, the probes, after the first step optimal reaction, were
ut into the solution of antibodies labeled with Cy-5 (20g/ml)
or 5, 10, 20 and 40 min, respectively. The results showed that
0 min reaction was optimal (Fig. 3).
Capture antibodies at 1000, 800, 500, 200, 100 and 0g/ml
eacted with antigen FI in dilution buffer (500 ng/ml), and
hen were detected by adding fluorescently labeled antibodies
20g/ml). It was found that anti-FI antibody at 500g/ml was
ptimal, because repeated assays gave the highest value of flu-
rescent signal at this concentration (Fig. 4).
Although the antibodies coated actually on the probes
ight only be a little proportion of the used antibodies, we
oticed that, coating the polystyrene probes with the higher
oncentration of anti-FI antibodies (500g/ml) is necessary
o obtain high sensitivity of immunoassay. This might be
aused by dynamics characteristic of nonspecific absorption
n polystyrene probes and the relatively low coating efficacy
f the fiber used in our experiment. In order to improve the
oating efficacy, the attachment through certain intermediate
ayer may be considered. Anderson reported improved signal
y using NeutrAvidin-biotin to attach the capture antibody to
he probe [1], and they also noted that Protein A or G could
6 7 8 9 10 CV
1.04968 1.04916 1.05146 1.04996 1.04835 0.3%
0.691682 0.691247 0.692785 0.692097 0.691407 0.2%
1.36446 1.358270 1.365010 1.365120 1.36425 0.2%
0.688765 0.687450 0.697677 0.693565 0.696230 0.4%
ontrols. Nos. 1 and 2 were measured by the way of ‘one insertion-repeated
ments’.
208 H. Wei et al. / Sensors and Actuators B 123 (2007) 204–210
F
c
t
a
a
[
o
c
c
5
3
t
c
r
5
c
s
a
a
t
f
F
C
r
5
Fig. 6. Results for detecting various concentrations of antigen FI. The black bar
represents the average value from the three repeated tests. The value of cutoff
is the means of negative values +3S.D.s. Antigen FI at 50–1000 ng/ml could be
detected with obvious positive fluorescence signals.
Fig. 7. Results for detecting different numbers of Y. pestis EV76. The black bar
represents the average value of the data from the four repeated tests. The results
showed that EV76 at 6 × 101–6 × 107CFU /ml could be detected consistently
with obvious positive fluorescent signals.ig. 4. Values of fluorescence signals by using probes coated with different con-
entrations of antibody. Each point represents the average value of the data from
hree the repeated experiments. The results indicated that the capture antibodies
t the concentration of 500g/ml showed the highest signals.
lso be used to immobilize antibodies as a intermediate layer
3].
In the reaction system (antigen FI at 1000 ng/ml), higher value
f fluorescent signal was obtained by adding 50g/ml fluores-
ently labeled antibody than other concentrations. Thus, optimal
oncentration of Cy5-antibody conjugate was determined to be
0g/ml (Fig. 5).
.3. Sensitivity and speciﬁcity
To evaluate the sensitivity of this system, different concen-
rations of antigen FI in the dilution buffer were reacted with the
apture antibodies and the fluorescently labeled antibodies. The
esults (Fig. 6) showed that antigen FI at concentrations from
0 to 1000 ng/ml had obvious positive signals, while antigen FI
oncentration lower than 50 ng/ml (20 or 5 ng/ml) gave negative
ignals.
The biosensor was used for detecting Y. pestis (EV76 strain)
t different concentrations. The result displayed that Y. pestis
t 6 × 101–6 × 107 CFU/ml gave distinct positive signals while
he signal value at 6 CFU/ml was under the cutoff value. We can
ound from Fig. 7 that Y. pestis at concentration from 6 × 101 to
ig. 5. Results obtained by using different concentrations of detector antibody-
Y5 conjugate. Each point stands for the mean value of the data from three
epeated experiments. Optimal values of fluorescent signals were obtained at
0g/ml.
Fig. 8. Specificity experiments. The black bar represents the average value of the
data from two repeated assays. The signal values of EV76 at 6 × 102, 6 × 104,
6 × 106 CFU/ml are over cutoff value obviously, while that of B. anthracis, Y.
enterocolitica, Y. pseudotuberculosis and E. coli are under cutoff value.
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× 107 CFU/ml could be detected accurately, and the bacterium
t 6 × 104 or 6 × 105 CFU/ml has higher signals.
It is necessary to notice that the values of fluorescent signal
eached the highest value at 6 × 104 CFU/ml with the increasing
mount of bacteria (Fig. 7), while when the amount continued
o increase, signal values began to fall gradually. This might
e because that the amount of bacteria reacting with specific
ntibodies on the probes saturated at 6 × 104 CFU/ml. The flu-
rescent values increased with the amount of bacteria before
aturation, while once the antibodies saturated, superfluous bac-
eria not only failed to react with antibodies, but also obstructed
ormal interaction between antigens and antibodies.The results of anti-FI antibody reacting with E. coli, B.
nthracis, Y. enterocolitica, Y. pseudotuberculosis and Y. pestis
howed that only Y. pestis gave strong signals over the cutoff
alue, while the others gave negative signals. This demonstrated
able 2
etection of Y. pestis from tissues of experimentally infected mice
ample no. Resulta Tissuesb CFU/mlc
1 ++ Liver (72 h) 1.1 × 105
8 ++ Lung (72 h) 5.7 × 105
9 ++ Lung (48 h) 2.1 × 105
3 ++ Spleen (72 h) 3.4 × 104
5 ++ Liver (72 h) 5.4 × 104
7 ++ Lung (72 h) 1.7 × 104
4 ++ Lung (12 h) 5.7 × 103
6 + Lung (72 h) 1 × 106
5 + Lung (36 h) 5 × 105
2 + Lung (48 h) 3.6 × 105
3 + Lung (24 h) 8 × 105
6 + Lung (36 h) 2.8 × 105
2 + Lung (4 h) 1.2 × 104
0 + Spleen (72 h) 8.3 × 103
4 + Liver (72 h) 4 × 103
3 + Liver (36 h) 9 × 103
6 + Liver (48 h) 1.5 × 103
4 + Lung (36 h) 6 × 103
6 + Liver (48 h) 4 × 102
7 + Lung (48 h) 2 × 102
5 + Liver (72 h) 2 × 102
7 + Spleen (48 h) 1 × 102
9 + Spleen (36 h) 140
9 + Spleen (48 h) 150
8 + Spleen (48 h) 150
2 − Liver (4 h) 35
8 − Spleen (12 h) 5
4 − Liver 0
2 − Lung 0
3 − Spleen 0
0 − Lung 0
1 − Spleen 0
9 − Lung 0
1 − Spleen 0
7 − Lung 0
8 − Lung 0
5 − Liver 0
0 − Lung 0
1 − Spleen 0
a
‘++’ Represents high positive results, ‘+’is positive, and ‘−’is negative.
b The numbers in brackets stand for the autopsy time for the infected mice
nd the tissues without brackets indicated that the samples were collected from
ealthy mice.
c The CFU/ml was obtained by conventional plate counting method.
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hat Y. pestis could be identified from other homogeneous or het-
rogeneous species with high specificity by using this biosensor
Fig. 8).
.4. Detection of 39 blind samples
Detection of samples was repeated two times and the result
f each sample depended on the average of the two data. The
esults over the cutoff value were considered positive (indicated
s “+” in Table 2), among which strong positive results (indi-
ated as “++” in Table 2) were two times higher than the cutoff
alue, while those below cutoff value were regarded as negative
indicated as “−” in Table 2). Some samples with results close
o the cutoff value were repeated again in order to obtain the
alid results.
Twenty-five of twenty-seven infected tissues were identified
o be positive and two of them (samples 2 and 38 in Table 2) as
egative. The bacterial quantity in the infected tissues was also
ounted by plate agar counting method. From Table 2, we can
ee that most infected tissues containg more than 104 CFU/ml
acteria show strong positive signals, which accords with the
onclusion in Fig. 5. Samples containing more than 100 bacteria
an be detected by this biosensor and the two samples contain-
ng bacteria fewer than 35 bacteria could not be detected, which
ndicates the high sensitivity of this technology and the feasi-
ility of this technique for detecting pathogen directly from the
nfected animal samples.
. Conclusion
The result of the repeated measurements proved that valid
ata can be obtained with the FOB-3. The results could be
btained in about 10 min by the biosensor (optimal signals could
e obtained in about 20 min). The assays of detecting Y. pestis
nd its antigen FI indicate that the biosensor FOB-3 has ideal
ensitivity and specificity in detection. In detection of the 27
nfected animal tissues, most of the infected tissues (25, 92.6%)
ere identified from the tissues of healthy mice with high sensi-
ivity by this biosensor. This demonstrates that optic biosensor
an be used not only for detecting pathogen’s antigen, but also
or detecting pathogen itself directly from the clinical speci-
ens. Moreover, the FOB-3 is small in volume and light in
eight. Therefore, the FOB-3 has the advantage of sensitive,
pecific and rapid detection, simple-operation and convenience
or detecting pathogens on site.
The result of the assay of detecting Y. pestis also indicates that
etecting Y. pestis by targeting its antigen FI may be good choice
or specific detection of the bacterium. Antigen FI is the com-
onent of Y. pestis capsule. It is highly specific and antigenic for
. pestis, and is absent in other heterogeneous or homogeneous
pecies. Thus, Y. pestis can be detected with high specificity by
argeting its antigen FI. However, it is necessary to notice that
here are some strains of Y. pestis lacking FI antigen [12,20,21],
lthough it is reduced expression of FI gene rather than the com-
lete loss of it in most cases, it is also important to detect Y. pestis
ith antibodies against other component (e.g. the lipopolysac-
haride and pH 6 antigen) of the bacterium.
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